Abstract. In the process of enlarging of tumors, the dissolving tissue structures and remodeling endothelial cells for restoring gas exchange and nutritional support, further facilitate tumor cell invasion and metastasis. Activation of Ras plays a critical role in the development of esophageal squamous cell carcinoma (ESCC), but the underlying mechanisms remain poorly understood. We therefore investigated whether Ras guanyl-releasing protein 3 (RasGRP3), a Ras activator, could promote metastasis by inducing vascular regeneration and further epithelial-mesenchymal transition under nutrient stress (NS). In the present study, we explored that the accumulation of RasGRP3 regulated vascular endothelial growth factor-A production, co-stimulated Notch pathway with high expression of Notch intracellular domain (NICD) and Hes1. Moreover, ESCC cells under NS increased the expression of vimentin, Snail, Slug and MMP9 proteins; while inhibition of Notch activation by DAPT (a γ-secretase inhibitor) or RasGRP3-targeted RNA interference prevented from the effect. In conclusion, these findings provide a new insight into the upregulation of RasGRP3 involved in Notch pathway activation in the development of ESCC, especially under nutrient deprivation.
Instruction
The estimated number of diagnosed esophageal carcinoma is more than 450,000 per year worldwide, and the largest number of cases are esophageal squamous cell carcinoma (ESCC) (1, 2) . At present, it is considered that ESCC aggresses and spreads by a variety of pathways, including direct invasion, lymphatic and hematogenous metastasis, and the prognosis for metastatic or recurrent ESCC are mostly poor. Due to the high incidence and mortality rates, large susceptible population and limited responses to current therapy causes 5-year survival rate to remain 5-10% in China (3) (4) (5) . Although the pathogenesis of ESCC is unclear, it is crucial for the identification of specific biomarkers for accurate evaluation of aggressiveness, elucidating the relevant molecular mechanisms and early detection of tumor recurrence.
Tumors require taking adequate signal factors for unlimited proliferation and distant metastasis, like vascular endothelial growth factor (VEGF), matrix metallopeptidases (MMPs), and directed signaling pathway activation, that all lead to malignance via neovascularization, matrix rearrangement and tumor cell transformation (6, 7) . In fact, due to the rapid expansion of cancerous cells and relatively hysteresis of blood density in the solid tumor mass, the hypoxia and nutrient deficiency has been identified as crucial incentives (8) (9) (10) (11) (12) .The altering of nutrients supply can be captured inevitably, but whether it as an independent mechanism affects tumor progression should be studied further. Previous reports showed that Ras protein family members are involved in cellular signal transduction, regulating diverse cell behavior (13, 14) . In general, once Ras respond to a series of exterior and interior signals, it will subsequently amplify or turn on other factors, which ultimately regulate cell differentiation, growth, invasion, angiogenesis and survival; however, the Ras mutations are rare in tumors (15) (16) (17) . Moreover, it was suggested that Ras could be constitutively overactivated by various upstream signaling elements, such as Ras guanyl nucleotide releasing peptides (RasGRPs) (18) (19) (20) . Among them, RasGRP3 promotes guanine nucleotide exchange of H-Ras, R-Ras and Rap1 exerting oncogenic effects; and its overexpression or active form phospho-RasGRP3 were observed in numerous cancer types, regulating the proliferation, survival and migration of human solid tumors and several hematologic neoplasms (14, (21) (22) (23) (24) (25) (26) (27) (28) (29) . In the present study, we investigated whether RasGRP3 also acts as a responder within (30) . The interactions between Notch receptors and matched ligands result in the release of Notch intracellular domain (NICD) that translocates to the nucleus and functions as a transcription factor (31) . Aberrant Notch signaling has been associated with various cancers; moreover, the high-level expression of Notch1 suggests a poor prognosis for ESCC (32) . In some cancer cells, the activation of Notch signaling upregulates and stabilizes Snail under hypoxic conditions or directly stimulates Slug through its promoter while NICD indirectly represses the expression of E-cadherin by binding to its promoter, which form an epithelial-mesenchymal transition (EMT) phenotype (33) (34) (35) . It is known that Notch pathway is also involved in various steps of vascular development in normal tissue and tumor angiogenesis; and tumor vascularity is associated with aggressive phenotypes including EMT (36, 37) . Recent evidence indicates that tumor cells with abnormal expression of Notch signaling triggers angiogenesis, and the targeting interruption, such as γ-secretase inhibitors, may provide effective measures (38) . Taken together, Notch signaling as an initiator not only causes malignant aggressiveness but also co-activates with other pathways such as Ras, which might be critical for identifying potential therapeutic targets or modalities.
In the present study, we characterized the expression and functions of RasGRP3 in ESCC specimens and cells, examined the role of RasGRP3 in the activation of angiogenesis and EMT, and studied the Notch signaling pathway that mediated its effects. We found that RasGRP3 was highly expressed in ESCC tumors, involved in the cell migration, invasion of ESCC, regulation of NICD activity and recruiting endothelial cells. In addition, we identified the nutrient stress as a crucial condition, inducing the expression of RasGRP3.
Materials and methods
Reagents. Penicillin-streptomycin, bull serum albumin (BSA), crystal violet were purchased from Beyotime Institute of Biotechnology (Haimen, China); trypsin was obtained from HyClone Laboratories (Logan, UT, USA). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS) were from Gibco (Grand Island, NY, USA). Matrigel was from Invitrogen (Carlsbad, CA, USA). Protease inhibitors were from Merck Millipore (Darmstadt, Germany) and the inhibitor for γ-secretase, DAPT was obtained from Shanghai Selleck Chemicals Co., Ltd. (Shanghai, China).
Patients and specimens. The Ethics Committees at Affiliated
Hospital of Jiangsu University approved this study. From the specimen repository of Pathology Department at Affiliated Hospital of Jiangsu University, 70 patients (48 males and 22 females, from January 2009 to December 2010) and 46 specimen (for co-localization assay, 33 males and 13 females, from October 2015 to August 2016) with ESCC during surgical resection were identified, written and informed consents were provided by all participants. The main criteria for prognostic evaluation were pathological characteristics (e.g., tumor site, stage, histologic type and size), clinical symptoms (e.g., degree of infiltration and lymph node metastasis) and the 5-year survival rate. The above specific standards were diagnosed as previously described (39) . The characteristics of subjects involved in this study are summarized in Table I .
Histological analysis. Immunohistochemical staining was performed on sections fixed and embedded in paraffin as previously described (39) . In brief, primary antibodies were rabbit anti-RasGRP3 (Cell Signaling Technology, Beverly, MA, USA, and 1:20 dilution), rabbit anti-phospho-RasGRP3 (Thr133) (Abcam, Cambridge, UK, 1:100 dilution), goat anti-vimentin (Santa Cruz Biotechnology, Santa Cruz CA, USA, 1:50 dilution), rabbit anti-MMP9 and anti-NICD (Cell Signaling Technology, and 1:50 dilution), rabbit anti-VEGFR and anti-Ki-67 (Santa Cruz Biotechnology, 1:50 dilution). Secondary antibodies were HRP anti-mouse, anti-rabbit or anti-goat from R&D Systems Inc. (Minneapolis, MN, USA) at 1:200. All antibodies were diluted in 0.5% BSA/PBS. HRP-antibodies were visualized using the DAB Substrate kit from Abcam. All slides were under low magnification (x100) to identify, and 4 different regions with the highest vascularity were scanned and blindly analyzed by two investigators using Olympus microscopes connected with a computer running Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA). The evaluation criteria for RasGRP3 or other markers were based on our published study: the area was entirely dark brown or >75% brown score 3; the matrix >50% brown was 2 and >20% of brown or light brown as 1 while other cases were not scored (37, 39) . In this study, the average score >10 as the strongly positive samples of RasGRP3, <10 but >5 as moderate, <5 but >2 as weak samples, while <2 as negative.
Microvessel density evaluation by immunofluorescence co-localization. Tissue freshly prepared was submitted from the confirmed ESCC for microvessel density (MVD) immunostaining. Immunohistochemistry and immunofluorescence were applied in frozen sections to evaluate expression and location for RasGRP3 and CD31 + vascular endothelial cells. The primary antibody used was anti-human RasGRP3. The slides were then incubated in HRP anti-mouse followed by DAB Substrate kit. For each sample, after antigen unmasking, the sections were blocked with 2% BSA in phosphatebuffered saline (PBS) for 1 h at room temperature. Sections were incubated overnight at 4˚C with a secondary antibody against CD31 (Santa Cruz Biotechnology, 1:50 in blocking, goat anti-human), followed by incubation for 2 h with the fluorescence labeling antibody FITC anti-goat (1:200; R&D Systems). After washed by PBS, sections were viewed under a fluorescence microscope (Olympus, Tokyo, Japan) and counted under x200 magnification. Any groups of cells that stained positive for CD31 with or without a vessel lumen and distinct from adjacent structures of specimens were counted as a single countable micro-vessel. The score of ≤10 vessels/x200 magnification was 0; >10 and ≤25 vessels was considered as 1; while, the score of >25 vessels as 2. The average of the values obtained by the two reviewers was reported as a single value. The numbers of microvessels in the 4 regions were averaged to give mean MVD score per tumor specimen.
Cell culture and nutrient stress treatment. Human esophageal squamous cancer cells TE-1, TE-10, ECA 109, KYSE-150 and esophageal epithelial cells, Het-1a (Guangzhou Jennio Biotech Co., Ltd., Guangzhou, China), were grown and maintained in DMEM supplemented 10% FBS. Human umbilical vein endothelial cells (HUVEC-2) were purchased from Guangzhou Jennio Biotech and were maintained in endothelial cell growth Basal Medium-2 supplemented with 10% FBS. Simultaneously, cancer cells were incubated in the growth medium only containing 1% FBS for more than 1 month as the nutrient stress treatment. All cells were in a humidified incubator containing 5% CO 2 at 37˚C.
RNA interference.
Oligonucleotides for human RasGRP3 siRNA kit were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). The kit contains predesigned two siRNAs targeting RasGRP3 gene to ensure work efficiency (siRNA sense: GCU UAC UUC CUG AGA GCU ATT and antisense: UAG CUC UCA GGA AGU AAG CTT; sense: GGU ACU GGA UUC UGA AGU UTT and antisense: AAC UUC AGA AUC CAG UAC CTT). Cells were transfected with RasGRP3 siRNA or non-specific siRNA (2 µg/well for 6-well culture plates) using the Opti-MEM (Roche, Mannheim, Germany) plus Lipofectamine 2000 (Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the instruction manual. After 24-h post-transfection, the cells underwent different treatment combinations for ELISA, western blot analysis and cell proliferation assay.
Real-time quantitative PCR analyses. RNA was extracted from ESCC and reverse-transcribed into cDNA as described before. Real-Time PCR was performed using a Biosystems (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Relative expression was calculated by the 2 -ΔΔCt method using GAPDH as an internal control. The sequences of PCR primers (Invitrogen, Shanghai, China) were as follows: RasGRP3 (forward, 5'-CACGGTCATCAACAAGCACA-3' and reverse 5'-CAGTGTTCGCAGAAGGTTGG-3'); VEGF-A (forward, 5'-AGGAGGAGGGCAGAATCATCA-3' and reverse, 5'-CTC ATTGGATGGCAGTAGCT-3'); Hes1 (forward, 5'-GGTA TTTCCCCAACACGCT-3' and reverse, 5'-GGCAGACATTC TGGAAATGA-3'); Snail1 (forward, 5'-CTTCTCCTCTACTT CAGTCTCTTCC-3' and reverse, 5'-TGAGGTATTCCTTGTT GCAGTATTT-3'); Slug (forward, 5'-AACAGAGCATTT GCAGACAGGTC-3' and reverse, 5'-GCTACACAGCAGC CAGATTCC-3'); GAPDH (forward, 5'-TCAACGGATTTG GTCGTATTG-3' and reverse, 5'-TGGGTGGAATCATATTG GAAC-3').
Western blot analysis. Cells were harvested and lysed in a RIPA buffer (CWbiotech, Beijing, China) containing protease inhibitors. Total protein was denatured and separated with 6-12% SDS-PAGE and further transferred to polyvinylidene difluoride (PVDF) membrane (Thermo Fisher Scientific). After blocking the membrane in 5% BSA dissolved in TBST, membranes were incubated overnight at 4˚C with primary antibodies. Afterwards, membranes were incubated with an HRP-conjugated secondary antibody (Cell Signaling Technology) diluted 1:1,000. Target proteins were detected by Pierce ECL Plus Substrate (Thermo Fisher Scientific) and scanned with FluorChem FC3 camera system (Protein-Simple, San Jose, CA, USA).
ELISA. The ELISA analysis of this study was focused on the most important pro-angiogenic factor VEGF-A. The TE-1 cells after nutrient stress treatment, or not, were seeded on 96-well plates (Corning, Inc., Corning, NY, USA) and cultured in serum-free DMEM overnight, then treated with or without RNA interference for 24, 48 and 72 h. Culture medium was assayed for VEGF concentration using the antihuman VEGF Immunoassay kit (R&D Systems) according to the manufacturer's instructions. Briefly, 200 µl of control, sample or standard was added to 50 µl assay diluent. After 2-h incubation at room temperature, the samples were washed three times. Then, 200 µl VEGF conjugate was added for 2 h and the samples were washed again. After incubation with 200 µl substrate solution for 20 min, 50 µl stop solution was added. The concentration of VEGF was measured by the color intensity of solutions using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) at 450 and 570 nm, respectively. VEGF concentrations were obtained by comparing the corresponding readings with those of the standard curve using known concentrations of VEGF. Inhibitory rate of secreted VEGF (%) = ([VEGF content in non-transfected group -VEGF content in transfected group]/ VEGF content in non-transfected group) x 100.
Cell viability assay. Cell viability was detected by the Cell Counting kit 8 (CCK-8) assay according to the manufacturer's protocol (Biosharp, Hefei, China). Briefly, cells were seeded in 96-well plates at a density of 4x10 3 cells/ml, and allowed to adhere for 24 h. Measurement was carried out and cells were treated with the indicated time intervals of si-RasGRP3, then incubated with CCK-8 solution for 3 h at 37˚C. The optical density (OD) value was measured at an absorbance wavelength of 450 nm in a microplate reader. All experiments were performed in triplicate.
In vitro tube formation assay. A total of 30 µl of Matrigel was added to every well in 96-well plate and incubated at 37˚C for 30 min to solidify, and 3x10 4 HUVECs/well were seeded in medium from TE-1 cells. The media were as follows: after treatment of nutrient stress, TE-1 cells were seeded on 24-well plates (5x10 4 cells/well) for 24 h. Then, only replaced with a fresh medium or siRNA for human RasGRP3 was transfected according to the above-described method. The next day, the cultured media of different sources were collected. After 12 h of HUVECs seeding, tube formation was quantified using a microscope (Olympus). Images were analyzed under an inverted microscope at x200 magnification to determine the formation and proportion of branch points and polyhedral closed structures delimiting a lumen. Tube formations were counted from 6 random sites for each well and the experiment was repeated at least three times independently.
Immunofluorescence staining. For immunofluorescence staining, the cells were incubated with primary antibodies against E-cadherin and vimentin (Cell Signaling Technology), followed by incubation with Cy3-or FITC-conjugated secondary antibodies (BD Biosciences, San Jose, CA, USA). For upright microscope, the cells grown on coverslips were counterstained with DAPI and were imaged using a fluorescence microscope (Olympus).
Scratch-induced migration assay. TE-1 cells (cultured in 1% FBS medium more than 1 month) were seeded and synchronized by fresh low serum medium for 8 h. Moreover, the cell monolayers were damaged with a micropipette to create a linear wound 2 mm in width and were rinsed twice with PBS. The indicated concentrations of siRNA were added and the cells were incubated for 24 h. The scratch phase-contrast images were obtained using a microscope (Olympus), and wound healing was assessed at 5 randomly selected points by measuring the width of the scratch. The results are expressed as the percentage inhibition rate of migration compared with untreated cells using the Adobe Photoshop CS5.
Transwell migration assay. Migration assays were performed as follows: TE-1 and KYSE-150 cells cultured under nutrient stress were transfected with siRNA-RasGRP3 for 24 h. Transwell inserts with a polycarbonate membrane (pore size of 8 µm; Corning). A density ~1x10 5 of cells was suspended and then seeded in the upper chambers of 24-well plates with FBS-free medium, while medium containing 10% FBS was deposited in the lower chambers. One-half of the wells with the cells contained the inhibitor DAPT at a final concentration of 10 µM. After 24 h, cells that migrated were stained by 0.1% crystal violet and imaged microscopically. Cells were enumerated and the results are expressed as the percentage inhibition rate compared with untreated cells. Each experiment was performed in duplicate.
Statistical analysis. Data are expressed as mean ± standard deviation (SD). The differences between groups were analyzed using the Student's t-test when only two groups were compared; multiple comparisons were done by either one-way analysis of variance (ANOVA) or ANOVA on ranks. The association between RasGRP3 and the clinicopathological features was assessed using the χ 2 test. Recurrence-free survival (RFS) curves were calculated by the Kaplan-Meier methods. P<0.05 was considered statistically significant. These analyses were performed with the SPSS version 16.0.
Results

RasGRP3 is positively correlated with MVD in human ESCC.
RasGRP3 has previously shown to be upregulated in human breast, prostate cancer, glioblastoma and melanoma (22, 23, (27) (28) (29) , so we also examined the expression of RasGRP3 in ESCC cells using the western blot method. TE-1, TE-10, ECA 109 and KYSE-150 cells detectably express endogenous RasGRP3 and less in Het-1a cells. As mentioned, RasGRP3 is an activator of Ras proteins or pathway. To examine whether RasGRP3 contributes to the activation of Ras pathway in ESCC cells, we set a mimic environment of nutrient deficiency and further examine the potential correlation among RasGRP3, Ras-GTP and total Ras. As shown in Fig. 1A , ESCC cells cultured under the 1%FBS-containing medium (more than one month) had a significantly increased RasGRP3 and Ras-GTP, however, without any perceptible change in the total Ras. A similar trend of variation was obtained from TE-1 cells stripped of adequate nutrient for 24, 48 h and 7 days at a relatively short time (data not shown). Since RasGRP3 promotes the proliferation of multiple cancer cells, we also examined the changes of Ki-67 and cell viability after siRNA-RasGRP3 treatment; however, there was no significant change between nutrient stress and normal culture (Fig. 1B and C) . In order to avoid the influence caused by apoptosis, the Annexin V-PI assay was also conducted after different treatments, but the differences showed no significance (P>0.05) (Fig. 1D) . Taken together, the upregulation of RasGRP3 was positively related with nutrient deficiency. Moreover, we found that most of ESCC tumors (reviewing from the paraffin sections of 70 patients) strongly expressed RasGRP3, localized in the cytoplasm, compared to normal adjacent tissues by immunohistochemistry (IHC) staining (Fig. 1E) . The intensity of RasGRP3, which was analyzed according to the standard as described in Materials and methods, was independent of patient age, sex, differentiation, tumor location and TNM stage, whereas significantly correlated to the lymphatic or distant metastatic status and recurrence (Table I ). In addition, the average nuclear p-RasGRP3 of tumors were higher than precancerous groups, but had no positive correlation with metastasis or recurrence (all P>0.05) (data not shown). Because of the deficiency of nutrient has been identified as a trigger to angiogenesis, we also randomly selected and stained 46 frozen specimens of ESCC with antibody CD31 to determine the integrated or anomaly construct of blood vessels by immunofluorescence (IF). The co-location analysis of IHC and IF revealed a positive correlation between the intensity of RasGRP3 and the number of vessels in human ESCC. As shown in Fig. 1F , which displays a representative sample, we counted the number of vessels per area of RasGRP3 histological sections. There was an average vessel density of 7.6 in RasGRP3 strongly positive samples, 3.8 in moderate ones and 2.4 for weak positive and 1.8 in negative samples. Throughout the entire comparison process, the intensity of RasGRP3 staining was positively correlative with the increased MVD (r=0.62; P=0.037; Fig. 1G ), suggesting that RasGRP3 plays an important role in the regulation of vascularity in ESCC tissues. 
Nutrient stress-instigated RasGRP3 participates in angiogenesis of ESCC.
In order to further characterize the contribution of RasGRP3, the factors involved in neovascularization and rearrangement of endothelial cells were quantified. Firstly, the significantly increased VEGF-A mRNA under NS was shown to reduce nearly 70% after siRNA-RasGRP3 treatment (24 h) ( Fig. 2A) . Immunoblotting assays showed that the targeted interference at RasGRP3 decreased the expression of VEGF-A protein as compared to TE-1 cells under nutrient deprivation (Fig. 2B) . Furthermore, ELISA assay was used to measure the secreted VEGF-A from supernatant of ESCC cells. The result showed that siRNA-RasGRP3 treatment reversed the significant increase of VEGF-A caused by chronic low-serum culturing (Fig. 2C) . Given the role that restriction of nutrient might regulate angiogenesis via rearranging endothelial cells with the increased VEGF-A, we sought to determine the effect of RasGRP3 on tube formation of HUVECs. As shown in Fig. 2D , culture supernatant from TE-1 cells under NS induced complete tube formation, whereas cells after pre-knockdown of RasGRP3 suppressed the formation of robust tube at 12 h ( Fig. 2E; P<0 .01). Taken together, these data suggested that RasGRP3 as a crucial factor could mediate angiogenic signaling under the nutrient stress.
RasGRP3 triggers the EMT and finally metastasis of ESCC cells under nutrient stress.
Although RasGRP3 contributes to the angiogenesis of ESCC, the focus of this study so far has been on its role in further malignant aggressiveness. Therefore, we tested whether there were differences in EMT-related proteins due to the change of RasGRP3. Firstly, the figures based on immunofluorescence staining of E-cadherin and vimentin indicated that there were significance differences between NS treatment or not. However, the RNA interference targeting RasGRP3 could inhibit the downregulation of E-cadherin and upregulate vimentin caused by NS (Fig. 3A) . To go a step further, we also validated the activation of EMT by detecting the expression of Snail1, Slug and Hes1. The expression of Snail 1, Slug and Hes1 mRNA in TE-1 cells under NS were downregulated to ~20% after siRNA-RasGRP3 treatment (P<0.01; Fig. 3B ). The cellular morphology transformation and increased expression of MMPs are related to the acquisition of invasiveness and metastasis in various cancer cells. To investigate the effects of RasGRP3 on human ESCC cells invasion and metastasis, we subsequently analyzed the expression of E-cadherin, vimentin and MMP9 by western blot analysis (Fig. 3C) . The decreased levels of vimentin and MMP9 in combination with upregulation of E-cadherin after siRNA-RasGRP3 treatment suggested that RasGRP3 regulated the progress of EMT. In the present study, RasGRP3 accumulation also upregulated the expression of NICD, whereas had no effect on Notch1 protein level (Fig. 3C) . Then, we found that suppression of the Notch signaling by DAPT (10 µM) or siRNA-RasGRP3 decreased levels of vimentin, MMP9 and NICD induced by NS (Fig. 3C) . Moreover, carcinoma cells produce a whole range of proteases that degrade the extracellular matrix and basement membranes, which has been regarded as initial steps in the process of invasion. Therefore, we determined ESCC cells by scratch-induced migration assay (Fig. 3D) . As shown in Fig. 3E , the TE-1 cells under NS migrated more rapidly than that in control groups, and the final distance of cells from the starting wound edge were increased by 58% (P<0.05) ; however, the number was back to 12% for cells transfected with interference fragment of RasGRP3. To further investigate the impact of RasGRP3 on migration, Transwell assays were performed. Approximately 3-fold increases of invasion were observed under NS compared with control groups (P<0.01). In keeping with above results, knockdown of RasGRP3 or DAPT treatment showed a significant decrease of the abilities of migration and invasion (Fig. 3E) . Collectively, these results indicated that RasGRP3 promotes metastasis dependent on the activity of Notch pathway.
Association of RasGRP3 and clinicopathological features with prognosis in human ESCC samples.
In order to address the diagnostic and prognostic value of RasGRP3, precancerous or tumor serial sections of ESCC were stained with VEGFR, Ki-67, vimentin, MMP9 and NICD antibody to quantify the potential correlation. Among 70 patients with ESCC, 34 samples expressed with a high level of RasGRP3, 32 samples expressed at moderate intensity, whereas 4 samples with lower or negative staining. The expression of vimentin and MMP9 showed moderate or high representation in 78% and 76.9% of RasGRP3 stable positive samples (the 34 high and 32 moderate sections), with 11 and 14% in the remaining 4, respectively. NICD was strongly positive in ~80% of RasGRP3 stable positive samples, compared with 6% in lower or negative sections. However, Ki-67 was densely labeled among 54% of stable RasGRP3 positive samples and 50% of remaining 4 samples. Furthermore, data showed no significant differences of VEGFR among the samples (64% positive staining with stable RasGRP3 and 67% for lower and negative expression) (Fig. 4A and Table II ). In Kaplan-Meier survival curves, patients with high and moderate expression of RasGRP3 showed a worse outcome, and the lower expression group had a longer survival time (P=0.0351; Fig. 4B ). According to the log-rank method, the metastasis rates were 61.0% for patients with moderate and high RasGRP3 expression, compared with 29.8% with lower expression (P=0.0078; Fig. 4C ). Thus, RasGRP3 appears to be a strong marker of poor prognosis in patients of ESCC.
Discussion
It is evident that enough vessels are the mechanical approach for tumor cell migration across vascular wall, restoration of oxygen and nutritional provision (37) . Therefore, an appropriate definition to label blood supply along with cancer progression contributes to diagnostic and guiding therapeutic treatment. Recent research has shown that Ras is one of the important stress-response genes, and its activation is attributed to upstream signaling such as tyrosine kinase receptors, excessive activation of guanine nucleotide exchange factors (GEFs) (13, 14, 16, 17, (22) (23) (24) (25) (26) (27) (28) (29) . As mentioned, RasGRP, as a GEFs in various tissues and tumors, not only have the structures for binding diacylglycerol (DAG) but also modulates Ras pathway activity and even malignant transformation processes. For instance, RasGRPs can function as oncogenes in multiple cancers, and an elevated expression of RasGRP3 have been found in Burkitt's lymphoma, B cell leukemia, breast, prostate cancer, glioblastoma and melanoma, affecting the proliferation and treatment-resistance (22) (23) (24) (25) (26) (27) (28) (29) . Here, we found that RasGRP3 and p-RasGRP3 were expressed higher in ESCC specimens comparing to the peritumoral normal tissues. Moreover, the treatment of nutrient stress, whether at a short or long time, increased RasGRP3 of ESCC cells, contributing to the activation of Ras-GTP. These results suggest that RasGRP3 have the indicative function for malignant aggressiveness. Note that an existing study have confirmed RasGRP3 can be upregulated by VEGF in angiogenesis and promoted cancer multiplication, invasion and metastasis (40) . VEGF, as one of the most potent growth factors, mediating angiogenesis via recruiting and stimulating the growth of endothelial cells, leading to increased vascularity (41) . Thus, in order to refine the patient population of ESCC most likely to respond to high RasGRP3, we performed MVD analyses using section from the original esophagectomy blocks, and data based on pathologic analysis showed a close relationship between MVD and RasGRP3. For further confirmation, experiments in vitro have also investigated RNA and protein of VEGF-A which were mediated by the accumulation of RasGRP3 after chronic low-serum treatment. However, another way for tumors to expand is by proliferation, dependent on the wellknown proliferation marker of Ki-67 and cell viability. Our data have shown that pretreatment of ESCCs with siRNARasGRP3 do not suppress proliferation or induce apoptosis either with or without nutrient deprivation. In patients who presented with high levels of RasGRP3, we observed no consistent increases of Ki-67 also, surprisingly, no positive correlation to VEGFR, which has been proved to cause new tubule formation, while the accumulated RasGRP3 enhanced tube formation of HUVECs in vitro (41) . Therefore, even though RasGRP3 has been shown to take part in the angiogenesis, but as a complex process taking several steps, the disparity and significance are worthy to study further. The reasons why ESCC caused recurrence, spreading and metastasis remain unknown. We presumed that this could be explained by abnormal microenvironment and signaling dysfunction. It is well-known that cancer cells more easily undergo EMT during penetration through vascular wall, causing an increase of circulating cells and metastasis (42) . At the cellular level, RasGRP3 showed no effect on proliferation but amplified the process of mesenchymal transition, downregulated the E-cadherin as well as increased the expression of Snail1, Slug, vimentin and MMP9 in TE-1 cells. Moreover, these effects were consistent with ESCC tumor samples, showing that the strong expression and co-localization of RasGRP3 with vimentin and MMP9. Considering the risks and impacts of EMT in ESCC, we performed a regression analysis and observed an earlier relapse to lymph nodes and organs in patients who presented with high levels of RasGRP3. A median survival of 32 months in patients displaying steady RasGRP3 (strongly and moderate positive) compared to patients more than five years who exhibited low or no RasGRP3. Indeed, for the activation of RasGRP3 is likely a dynamic process, the expression of p-RasGRP3 was not representative among ESCC with different degrees, however, the abnormal RasGRPs activation contributes to oncogenesis via affecting the regulation of multiple downstream molecules (21) (22) (23) 29) . To explore the mechanism underlying RasGRP3-induced angiogenesis and metastasis in ESCC, we examined its effects on Notch signaling, known to be activated by the Ras protein family, although Ras mutations are not common in cancers (15, 30) . Aberrant Notch signaling has been associated with the development and progression of various cancers, high-level expression of Notch1 and its ligand Jagged1 are predictive of poor survival and recurrence in ESCC (32, 43) . Consistent with this, we found that the RasGRP3 was mostly localized in the cytoplasm whereas NICD showed nuclear staining in ESCC tumors. As presented, the downregulation of RasGRP3 caused a significant decrease of Hes-1 in TE-1 cells. Of relevance, it was confirmed that modulation of RasGRP3 contributes to Akt and ERK1/2 activation in prostate cancer and melanoma cells, we are the first to demonstrate that RasGRP3 modulated the enrichment of NICD and contributed the activation of Notch under nutrient stress (23) . Accordingly, we propose that RasGRP3 promoted angiogenesis, migration and invasion of ESCC cells via upregulation of the Notch pathway. The activation of Ras led to upregulation of NICD, and Notch pathway mediated oncogenesis required Ras signals, suggesting an association between these two pathways.
Thus, the nutrient stress is an independent factor, and has an influence on tumour growth through biological targeting of malignant aggressiveness. In the present study, we sought to investigate the consequences of coordinate activation of Notch and Ras pathways on the survival of ESCC patients, and the influence of RasGRP3 on ESCCs. In conclusion, the γ-secretase inhibitor, DAPT, was shown to have sufficient activity against aggressiveness in esophageal squamous cell carcinoma, which provides a potential treatment strategy for ESCC patients with metastasis under nutrient stress.
